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Assessment of Advanced Coronary Artery Disease
Advantages of Quantitative Cardiac
Magnetic Resonance Perfusion Analysis
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Michael Salerno, MD, PHD,‡ Vishal Arora, MD,¶ John Christopher, RT,§
Frederick H. Epstein, PHD,†§ Christopher M. Kramer, MD‡§
Chicago, Illinois; Charlottesville, Virginia; Royal Oak, Michigan; and Augusta, Georgia
Objectives The purpose of this paper was to compare quantitative cardiac magnetic resonance (CMR) first-pass contrast-
enhanced perfusion imaging to qualitative interpretation for determining the presence and severity of coronary
artery disease (CAD).
Background Adenosine CMR can detect CAD by measuring perfusion reserve (PR) or by qualitative interpretation (QI).
Methods Forty-one patients with an abnormal nuclear stress scheduled for X-ray angiography underwent dual-bolus aden-
osine CMR. Segmental myocardial perfusion analyzed using both QI and PR by Fermi function deconvolution was
compared to quantitative coronary angiography.
Results In the 30 patients with complete quantitative data, PR (mean  SD) decreased stepwise as coronary artery ste-
nosis (CAS) severity increased: 2.42  0.94 for 50%, 2.14  0.87 for 50% to 70%, and 1.85  0.77 for
70% (p  0.001). The PR and QI had similar diagnostic accuracies for detection of CAS 50% (83% vs. 80%),
and CAS 70% (77% vs. 67%). Agreement between observers was higher for quantitative analysis than for qual-
itative analysis. Using PR, patients with triple-vessel CAD had a higher burden of detectable ischemia than pa-
tients with single-vessel CAD (60% vs. 25%; p  0.02), whereas no difference was detected by QI (31% vs. 21%;
p  0.26). In segments with myocardial scar (n  64), PR was 3.10  1.34 for patients with CAS 50% (n  18)
and 1.91  0.96 for CAS 50% (p  0.0001).
Conclusions Quantitative PR by CMR differentiates moderate from severe stenoses in patients with known or suspected CAD. The
PR analysis differentiates triple- from single-vessel CAD, whereas QI does not, and determines the severity of CAS
subtending myocardial scar. This has important implications for assessment of prognosis and therapeutic decision
making. (J Am Coll Cardiol 2010;56:561–9) © 2010 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2010.02.061c
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sardiac magnetic resonance (CMR) perfusion imaging is an
mportant clinical tool for the detection of significant
oronary artery disease (CAD) (1,2). Image analysis can be
erformed using qualitative interpretation (QI), in which a
ypointense segment seen during the initial transit of a
ontrast agent through the myocardium during hyperemic
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ccepted February 8, 2010.onditions represents ischemia. When combined with myo-
ardial scar imaging, in 1 recent study, first-pass perfusion
maging using QI had a sensitivity and specificity of 89%
nd 87%, respectively, for the detection of CAD (3). Also
sing QI, another study showed that the absence of isch-
mia on a perfusion CMR study identifies a group of
atients who have a 1% likelihood of having a cardiac
vent during the subsequent 3 years (4).
A potential advantage of perfusion CMR is its ability to
uantify perfusion reserve (PR) within a myocardial seg-
ent. Semiquantitative estimates of PR such as the upslope
ndex have been validated against invasive fractional flow
eserve in a highly selective patient population (5), but when
ompared to positron emission tomography, it is apparent
hat the upslope index was not an adequate surrogate of PR
t higher myocardial blood flows (6). Regardless, in a recent
tudy, the presence of an abnormal regional semiquantita-
ive perfusion reserve index had a sensitivity and specificity
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Quantitative Versus Qualitative CMR Perfusion August 10, 2010:561–9of 88% and 90%, respectively, for
the detection of significant CAD
(7). More quantitative measure-
ments of PR determined by de-
convolution of the tissue func-
tion (TF) and the arterial input
function (AIF) require low doses
of contrast, which limits signal-
to-noise ratio in the tissue and
can weaken qualitative analysis
(8). However, in 1 study, when
compared to invasive fractional
flow reserve and X-ray angiogra-
phy, the presence of an abnormal
quantitative measurement of PR
still had a relatively poor speci-
ficity for detecting significant
CAD (9), possibly due to error
introduced by inadequate esti-
mation of the TF. Recently, a
newer quantitative technique, in
which the AIF and TF are ac-
quired during separate boluses of
gadolinium-diethylenetriamine
penta-acetic acid (Gd-DTPA),
has been shown to correlate very
recisely with absolute myocardial blood flow over the full
ange of physiologic flow values (10). The advantage of this
echnique is that the AIF is accurately measured using the
ow-dose contrast bolus, and the TF is measured, either
uantitatively or qualitatively, with high signal-to-noise
atio using a high-dose contrast bolus.
Potential benefits of measuring PR include reduced
nterpreter bias, quantification of treatment response, and
mproved detection of balanced ischemia. Despite these
otential benefits, quantitative PR analysis is time consum-
ng and has not been adopted in clinical practice. No
rospective comparisons of QI and quantitative PR analysis
ave been performed to date. We sought to determine
hether PR analysis provides additional clinically relevant
nformation when compared to QI. We hypothesized that
R analysis would improve the assessment of severe and
riple-vessel CAD.
ethods
opulation. We recruited 41 patients with an abnormal
ingle-positron emission computed tomography stress test
ho were awaiting or had undergone a diagnostic X-ray
ngiogram (within 30 days without intervention or clinical
vents) as part of their clinical care. Patients were excluded
f they had a recent myocardial infarction, were older than
5 years, or had any contraindications to CMR or adeno-
ine. Patients were asked to avoid beta-blockers, nitrates,
Abbreviations
and Acronyms
AIF  arterial input
function
CAD  coronary artery
disease
CAS  coronary artery
stenosis
CMR  cardiac magnetic
resonance
ENDO/EPI  endocardial to
epicardial blood flow ratio
Gd-DTPA  gadolinium-
diethylenetriamine
penta-acetic acid
GRE-EPI  hybrid gradient
echo/echo planar imaging
PR  perfusion reserve
QI  qualitative
interpretation
TE  echo time
TF  tissue function
TI  inversion time
TR  repetition timend caffeine before their stress CMR study. The institu- tional review board approved the study protocol, and all
atients provided informed consent.
MR protocol. All CMR studies were performed on
ither a Sonata or Avanto MRI 1.5-T scanner (Siemens
ealthcare, Erlangen, Germany) with a 4-channel phased
rray radiofrequency coil.
UAL-BOLUS STRESS PERFUSION CMR. Before the infusion
f adenosine or contrast agent, 3 short-axis slices of the left
entricle (base, mid, and apex) were acquired as localizers
sing a hybrid gradient echo and echo-planar imaging pulse
equence (GRE-EPI) (11): nonselective 90° saturation pulse
ollowed by an 80 ms delay, field of view  340 to 400 
12 to 360 mm, matrix  128  80, slice thickness 
mm, flip angle  25°, repetition time (TR)  5.6 to
.2 ms, echo time (TE)  1.3 ms, echo train length  4,
ffective spatial resolution approximately 2.8 2.8 mm with
n  23) or without (n  18) rate 2 parallel imaging
TSENSE) (12). Adenosine (Adenoscan, Astellas, Tokyo,
apan) 140 g/kg/min was then infused. After 2 to 3 min of
nfusion, a low dose of Gd-DTPA (Magnevist, Bayer
ealthcare, Leverkusen, Germany; 0.0075 mmol/kg at
ml/s) was injected to measure the AIF and was immedi-
tely followed by a higher dose of Gd-DTPA (0.075
mol/kg) to measure the TF. Each infusion was followed
y 20 ml normal saline (4 ml/s). The GRE-EPI images
ere acquired during the first pass of both the low-dose and
igher-dose Gd-DTPA infusions for 40 to 50 heartbeats
ach. An image of each of the 3 short-axis slices was
cquired during each heartbeat. After perfusion imaging,
he adenosine was discontinued.
INE CMR. Steady-state free precession imaging (TR/TE
ms/1.1 to 1.3 ms) was used to obtain cine images of the
eft ventricle in the short-axis plane (8-mm slice thickness
ith 20% gap) and in 2-, 3-, and 4-chamber long-axis
iews.
EST PERFUSION CMR. Ten minutes after stopping adeno-
ine, first-pass perfusion imaging with both low- and
igher-dose Gd-DTPA was repeated under resting
onditions.
ATE GADOLINIUM ENHANCEMENT. Five minutes after rest
erfusion imaging, late gadolinium enhancement imaging
as performed in the same slices to detect the presence of
yocardial scar using either T1-weighted inversion recovery
RE (inversion time [TI] based on optimal nulling of the
yocardium, TR 750 ms, TE 4.3 ms, flip angle  30°) or
hase-sensitive inversion recovery GRE (TR 700 ms, TE
.2 ms, TI 300 ms, flip angle  25°).
ualitative CMR interpretation. The QI was performed
eparately by 2 highly experienced interpreters (with Amer-
can College of Cardiology Foundation/American Heart
ssociation [AHA] Level 3 CMR clinical competence and
raining) blinded to all clinical and X-ray angiography data.
he presence or absence of a perfusion defect was assignedo the appropriate segment of a modified AHA 16-segment
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August 10, 2010:561–9 Quantitative Versus Qualitative CMR Perfusionodel. A perfusion defect was considered to be positive if it
as present after peak contrast enhancement of the LV
avity and persisted for several beats. Figure 1 shows a large
erfusion defect in the basal, mid-ventricular, and apical
lices during hyperemia but not during resting conditions.
uantitative CMR analysis. The PR quantification was
erformed using Fermi function deconvolution (8,13). Con-
olution of the AIF with a flow-weighted residue function
whose initial amplitude is a measure of myocardial perfu-
ion) yields the TF; thus, perfusion can be calculated
hrough deconvolution of the AIF from the TF. A large
egion of interest was drawn using Argus software (Siemens
edical Solutions, Munich, Germany) in the basal slice of
he left ventricular cavity of the low-dose Gd-DTPA
erfusion images to generate time-intensity curves repre-
enting the AIF; similarly, the endocardial and epicardial
urfaces were manually delineated on the higher dose
d-DTPA perfusion images, and the 16-segment model
as applied. The subendocardial (and also the subepicar-
ial) halves of these segments were used to generate time
ntensity curves representing the TFs. All curves were
esampled into 1-s intervals, and the AIF was scaled by a
actor of 10 to account for the gadolinium dose and fit to a
amma-variate function.
Constrained Fermi function deconvolution was then
erformed using custom software developed in MATLAB
The Mathworks, Inc., Natick, Massachusetts). For the
econvolution procedure, approximately 20 s to 25 s of the
IF and TF were selected for analysis, which included both
Figure 1 Qualitative Interpretation of Perfusion CMR Imaging
First-pass perfusion images obtained during peak contrast enhancement cardiac m
ventricular (middle column), and apical (right column) slices are shown during hy
large perfusion defect extending from the basal to the apical slice.re-contrast points as well as points several seconds after veak contrast enhancement. The user adjusted a delay
arameter to align the AIF and TF, since they were not
cquired simultaneously. A Marquardt-Levenberg nonlin-
ar least squares optimization algorithm was used to esti-
ate the 3 parameters describing the Fermi function. The
nitial amplitude of the Fermi function was recorded as the
erfusion measurement. This perfusion measurement was
ade in units of minute1, and was not scaled to be in units
f ml/g/min. Thus, this measurement is not suitable for
irect assessment of tissue perfusion, but is perfectly suitable
or calculation of PR.
The PR, defined as the ratio of stress to rest perfusion,
as determined for each segment. In addition, the trans-
ural gradient (or endocardial to epicardial blood flow ratio
ENDO/EPI]) during stress perfusion was determined for
ach segment. Figure 2 shows a typical AIF and example
Fs for segments supplied by a normal coronary artery and
stenosed coronary artery. A subset of 10 studies was
eanalyzed separately by a second blinded person to deter-
ine the interobserver variability of PR quantification.
ngiographic analysis. The X-ray angiography was per-
ormed using standard clinical techniques and interpreted by
n interventional cardiologist blinded to all clinical and
MR data. Quantitative coronary angiography was used to
ategorize stenoses as 50%, 50% to 70%, or 70%. All
tenoses were then assigned to the appropriate segment of a
odified AHA 16-segment model.
tatistical analysis. Analysis was performed using Prism
GraphPad Software, San Diego, California). Continuous
ic resonance (CMR) imaging of the basal left ventricular (left column), mid-
ic (top row) and resting (bottom row) conditions. The white arrows point to aagnet
peremariables are expressed as mean  SD and were compared
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Quantitative Versus Qualitative CMR Perfusion August 10, 2010:561–9sing unpaired t tests. Receiver-operating characteristic
urve analysis was used to determine optimal PR cutoff
alues (defined as the PR value that resulted in the highest
iagnostic accuracy). Sensitivities and specificities were
etermined for both qualitative and quantitative analyses
nd compared using the McNemar test. The Kruskal-
allis 1-way analysis of variance by ranks with a post-test
as used to compare the relationship (and any trends that
xist) between PR and severity of coronary artery stenosis
CAS). A p value 0.05 was considered statistically signif-
cant. Interobserver agreement was measured using kappa
tatistics.
esults
tudy population. Forty-one patients were enrolled in the
tudy (32% female, mean age 68  12 years). Patient
haracteristics are described in Table 1. The typical patient
as obese (body mass index 30.2  4.8 kg/m2) and
ypertensive. The X-ray angiography demonstrated signif-
cant CAD in 71%. Thirty-seven percent of the total
opulation had 3-vessel CAD, and 27% had 1-vessel CAD.
eft ventricular size and function are shown in Table 1. By
ate gadolinium enhancement, 44% had a prior myocardial
nfarction. One patient refused X-ray angiography and
nother was excluded from analysis because his chest pain
as a result of acute myocarditis. Of the remaining 39
atients, 30 patients had adequate data for PR analysis. The
3% of quantitative data sets that were incomplete were due
o inadequate clearance of Gd-DTPA before acquisition of
he resting AIF (n  3), image acquisition error (n  3),
nsufficient contrast dose during stress AIF (n  2), or poor
Figure 2 Perfusion Time Intensity Curves
Representative time intensity curves used for Fermi function deconvolution are
shown. The red line and circles represent a typical arterial input function (AIF).
The top blue line and Xs represent the tissue function (TF) in a segment sup-
plied by a coronary artery without a stenosis. The bottom blue line and trian-
gles represent the tissue function in a segment supplied by a stenosed
coronary artery.mage quality (n  1). Most of these occurred in the earliertudies and occurred at a lower frequency as we gained
xperience with the technique.
R analysis. A stepwise reduction in PR occurred as the
everity of coronary stenosis increased (Fig. 3). Specifically,
R was 2.42  0.94 in myocardial segments perfused by
AS 50% (n  245), 2.14  0.87 for CAS 50% to 70%
n  92), and 1.85  0.77 for CAS 70% (n  143; p 
.001 for trend). Segments with late gadolinium enhance-
ent (indicating the presence of myocardial scar) that were
ubtended by a CAS 50% (n  18) had a preserved PR of
.10  1.34; whereas those subtended by a CAS 50%
n  46; 33 of 46 with CAS 70%) had a reduced PR of
.91  0.96 (p  0.0001). There was no difference in the
requency of transmural and nontransmural scars in seg-
ents with or without CAS 50% (data not shown).
dditionally, there was no difference in perfusion reserve
etween segments with a transmural scar (PR  2.36 
.25) and those with a nontransmural scar (PR  1.83 
.91, p  0.14). There was no relationship detected
etween the severity of stenosis and ENDO/EPI under
atient CharacteristicsTable 1 Patient Characteristics
Male, n (%) 28 (68)
Age, yrs 68 12
Body mass index, kg/m2 30.2 4.8
Symptoms, n (%) 38 (93)
Chest pain 32 (78)
Shortness of breath 4 (10)
Other symptoms 2 (5)
None 3 (7)
History of myocardial infarction, n (%) 14 (34)
Previous revascularization, n (%) 12 (29)
Diabetes mellitus, n (%) 11 (27)
Prior tobacco use, n (%) 27 (66)
Dyslipidemia, n (%) 36 (88)
Hypertension, n (%) 34 (83)
Medications, n (%)
Aspirin 33 (80)
Beta-blockers 22 (54)
Angiotensin-blockers 20 (49)
Statins 28 (68)
Nitrates 14 (34)
Hemodynamics
Peak systolic blood pressure, mm Hg 137 27
Peak diastolic blood pressure, mm Hg 73 13
Peak heart rate, beats/min 87 16
Cardiac magnetic resonance data
Left ventricular ejection fraction, % 58 11
Left ventricular end-diastolic volume, ml 141 37
Left ventricular end-systolic volume, ml 62 31
Left ventricular mass, g 132 38
Late gadolinium enhancement, n (%) 18 (44)
Coronary angiography, n (%)
Any stenoses 50% 29 (71)
1-vessel disease 11 (27)
2-vessel disease 3 (7)3-vessel disease 15 (37)
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August 10, 2010:561–9 Quantitative Versus Qualitative CMR Perfusionyperemic or resting conditions. Under hyperemic condi-
ions, ENDO/EPI for CAS 50% was 1.051  0.175; for
AS 50% to 70%, it was 1.053  0.170; and for CAS
70%, it was 1.067  0.373 (p  0.39). Under resting
onditions, ENDO/EPI for CAS 50% was 1.131 
.290; for CAS 50% to 70%, it was 1.130  0.207; and for
AS 70%, it was 1.136  0.265 (p  0.74).
iagnostic performance. In the entire cohort, QI detected
atients who had a CAS 50% with a sensitivity of 79%,
pecificity of 90%, and accuracy of 82%; whereas CAS
70% was detected with a sensitivity, specificity, and
ccuracy of 77%, 59%, and 69%, respectively. For the 30
atients who successfully completed both QI and PR
nalysis, QI had a sensitivity, specificity, and accuracy of
9%, 83%, and 80%, respectively, for the detection of CAS
50%. Similar to that seen in the overall group, when QI
as used to detect only CAS 70%, the sensitivity was
ssentially unchanged (78%) while the specificity and accu-
acy decreased to 50% and 67%.
Because PR is related to the severity of underlying CAS,
n optimal PR cutoff value can be selected for the detection
f a specific severity of coronary stenosis. Using receiver-
perating characteristics, PR analysis had an area under the
urve of 0.82 for the detection of CAS 50% and 0.77 for
AS 70%. The optimal PR cutoff value, defined as the
R cutoff value that maximized diagnostic accuracy, for
etecting patients with CAS 50% was 1.85; whereas the
est cutoff value was 1.55 for detecting those with CAS
70%. The PR analysis detected CAS 50% with a
ensitivity, specificity, and diagnostic accuracy of 88%, 67%,
Figure 3 Relationship Between Perfusion Reserve
and Percent Stenosis
Segmental perfusion reserve (mean  SE) decreases in a stepwise manner as
the severity of coronary stenosis increases.nd 83%, respectively. The odds ratio that QI and PR wnalysis were the same for detecting CAS 50% was 2.0
95% confidence interval: 0.43 to 12.4, p  NS). The
ccuracy for detecting patients with CAS 70% was 77%
or PR and 67% for QI. The sensitivity was 78% for both,
ut specificity was 75% for QI and 50% for PR; however,
hese differences were not statistically significant. Segments
ith a PR of 1.55 tended to have lower wall thickening
47  33%) than did segments with a PR 1.55 (54 
1%, p  0.09). The diagnostic performance of PR for
etecting CAS 50% or 70% was not improved by
ormalizing the PR to resting rate pressure product.
Figure 4 represents a patient with multivessel coronary
isease that was not detected using QI but was readily
dentified using PR analysis.
eproducibility. On a per-patient basis for QI, interob-
erver agreement was moderate (kappa  0.54, 95% confi-
ence interval: 0.25 to 0.82) for the detection of CAS
50%. There was better agreement for quantitative PR
nalysis for the detection of CAS 50% (kappa  0.66,
5% confidence interval: 0.54 to 0.78).
valuation of ischemic burden. As shown in Figure 5,
hen estimated using QI, the myocardial ischemic burden
as similar in patients with triple-vessel CAD (n 14) and
ingle-vessel (n  8; 31  20% vs. 21  26%, p  0.26).
hen ischemic burden was measured using PR analysis,
atients with triple-vessel CAD had more ischemia than
atients with single-vessel CAD (60  38% vs. 25  41%,
 0.02). Figure 6 represents a patient with multivessel
AD who had only a small amount of visually appreciable
schemia, but the PR was severely reduced in the majority of
he left ventricle.
mage contrast-to-noise ratio and dispersion of AIF.
he myocardial contrast-to-noise ratio (defined as [SIpeak
Ipre-contrast]/pre-contrast) was calculated for each tissue seg-
ent at stress and rest. Contrast-to-noise ratio was 42 13
or the stress studies and 35  14 for the rest studies, with
he lower rest value due to the presence of residual gado-
inium initially in the myocardium from the prior stress
can. The AIF bolus underwent less dispersion in the stress
can compared with the rest scan, as the full width at
alf-maximum of the AIF was 7.0 3.0 s for the stress studies
ompared with 9.3  3.3 s for the rest studies (p  0.01).
iscussion
e used dual-bolus perfusion CMR to determine the
elationship between PR and CAS in patients with known
r suspected CAD. We observed stepwise decreases in PR
s the severity of CAS increased. We also found that PR
nalysis was better than QI at discriminating patients with
riple-vessel CAD from those with only single-vessel CAD.
he PR analysis accurately differentiated scarred myocardial
egments perfused by significantly stenosed coronary arter-
es from those that were not. Agreement between observers
as higher for quantitative than qualitative analysis.
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Quantitative Versus Qualitative CMR Perfusion August 10, 2010:561–9R and severity of CAS. Previous studies using positron
mission tomography have shown that PR is inversely
elated to the severity of underlying CAS (14). Myocardial
lood flow measured using the dual-bolus perfusion CMR
Figure 4 Comparison of Qualitative Interpretation and Perfusion
(A) No perfusion defects are visually appreciated on first-pass perfusion images o
the mid-ventricular (middle column), and the apical (right column) slices during h
reserve for each of the 16 segments is plotted using a bulls-eye graph with the co
reserve 1.55. (C) Based on quantitative coronary angiography, each of the 16 s
(orange), or 70% (red). Despite the absence of a visually appreciable perfusion
onary artery disease.
Figure 5 Assessment of LV Ischemic Burden
Comparison of qualitative interpretation and perfusion reserve analysis: unlike
perfusion reserve analysis, qualitative interpretation cannot detect the differ-
ence in ischemic burden (percent left ventricular [LV] ischemia [mean  SE])
that is present in patients with single-vessel (1V) coronary artery disease (CAD)
(blue bars) or triple-vessel (3V) CAD (gold bars).technique (10) is highly correlated to measurements made
ith gold-standard radiolabeled microspheres. The differ-
ntiation of varying degrees of CAS requires a measurement
f PR that accurately estimates the full range of clinically
elevant myocardial blood flow. The inverse relationship
etween PR and CAS has been difficult to measure using
MR in patients because commonly used approaches such
s the upslope technique do not adequately correlate with
yocardial blood flow 2 ml/g/min (10). Techniques such
s deconvolution (8,13) can accurately measure myocardial
lood flow but were previously applied using low doses of
d-DTPA, which is suboptimal for QI due to poor contrast-
o-noise ratio. The dual-bolus technique uses high enough
oses of Gd-DTPA to visually assess and measure tissue
erfusion and very low doses of Gd-DTPA to accurately
easure the AIF (10). This combination prevents the under-
stimation of myocardial blood flow without sacrificing the
ontrast-to-noise ratio needed for optimal QI. Using this
MR technique, we successfully detected the expected step-
ise reduction in PR with worsening CAS.
iagnostic performance. Both QI (2,3,15) and PR anal-
sis (5,7,9) can be used to detect significant CAD, and
verall accuracy is similar for stenosis detection. The diag-
ostic performance of both approaches is dependent on
erve Analysis, Example 1
d during peak contrast enhancement of the basal left ventricular (left column),
ic (top row) or resting (bottom row) conditions. (B) Measured perfusion
le shown on the right. Fifty-six percent of the left ventricle had a perfusion
ts was determined to be supplied by a stenosis 50% (yellow), 50%
, an abnormal perfusion reserve was present in this patient with multivessel cor-Res
btaine
yperem
lor sca
egmen
defectechnical factors such as the pulse sequence used and
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August 10, 2010:561–9 Quantitative Versus Qualitative CMR Perfusionelection of the optimal contrast dose. As demonstrated by
he reproducibility analysis performed in our study, the
enefits of PR analysis include better interobserver agree-
ent. However, it is time consuming, and it was previously
nknown whether quantification adds substantial clinical
enefit for the evaluation of CAD. We show in this
rospective, head-to-head comparison of QI and PR that
he latter improves the evaluation of 3-vessel CAD.
Although PR analysis performed well in our study, it is
nown that perfusion is a measurement of the hemody-
amic consequences of a CAS (16) and that coronary
ngiography is an imperfect standard for judging myocardial
erfusion imaging. In fact, Pijls et al. (17) have shown using
n invasive technique that not all 50% coronary stenoses are
emodynamically significant (17). When compared to frac-
ional flow reserve rather than coronary angiography, per-
usion CMR accurately differentiated physiologically signif-
cant stenoses 50% from those that were not flow limiting
5). The lower specificity seen in our study was likely due to
he patient population studied. Although PR is clearly
educed in patients with a severe CAS, there are other
auses of abnormal PR such as hypertension, diabetes
ellitus, hyperlipidemia, and cardiac syndrome X (18–22).
ighty-three percent of our population had a history of
Figure 6 Comparison of Qualitative Interpretation and Perfusion
(A) First-pass perfusion images obtained during peak contrast enhancement of the
and the apical slice (right column) are shown during hyperemic (top row) and res
inferolateral wall. (B) Perfusion reserve for each of the 16 segments is plotted us
left ventricle had a perfusion reserve 1.55. (C) Based on quantitative coronary a
50% (yellow), 50% (orange), or 70% (red). Qualitative interpretation significa
artery disease.ypertension, 27% had diabetes mellitus, and 88% had iyslipidemia. In our study, QI had a sensitivity of 79% for
etecting CAS50%. In fact, the example shown in Figure 4
hows a patient with significant 3-vessel CAD who has no
isually apparent perfusion defect but has a reduced PR. One
otential mechanism for false negative visual interpretation is
he presence of balanced transmural ischemia where there are
o adequately perfused segments that can be used as a normal
eference.
ssessment of left ventricular ischemic burden. Al-
hough QI could be used to diagnose the presence of
ignificant CAD, patients with multivessel CAD were not
eliably differentiated from patients with only single-vessel
isease: no difference in ischemic burden was visually
pparent in the 2 groups because QI underestimated the
mount of ischemia present in patients with 3-vessel CAD.
onversely, when the ischemic burden was quantified using
R analysis, patients with multivessel CAD had more
schemia than patients with single-vessel CAD. A similar
henomenon has been described using positron emission
omography (23). An accurate assessment of ischemic bur-
en is important because the extent of ischemia is a marker
f patient prognosis: patients with lesser amounts of isch-
mia have a better prognosis than do patients with extensive
erve Analysis, Example 2
l left ventricular slice (left column), the mid-ventricular slice (middle column),
ottom row) conditions. The white arrows point to a small perfusion defect in the
ulls-eye graph with the color scale shown on the right. Fifty-six percent of the
aphy, each of the 16 segments was determined to be supplied by a stenosis
nderestimated the ischemic burden in this patient with multivessel coronaryRes
basa
ting (b
ing a b
ngiogr
ntly uschemia (24). Additionally, the ischemic burden can be
u
a
(
i
(
m
t
P
d
r
t
d
p
p
d
c
s
m
l
a
d
i
i
S
p
p
i
p
c
a
r
a
o
a
w
d
p
t
i
p
f
p
l
b
h
t
s
t
d
s
t
C
W
i
a
Q
c
d
w
u
s
t
q
m
h
i
a
R
K
M
l
R
1
1
1
568 Patel et al. JACC Vol. 56, No. 7, 2010
Quantitative Versus Qualitative CMR Perfusion August 10, 2010:561–9sed to identify patients who may benefit from more
ggressive treatment strategies such as revascularization
25). In fact, even asymptomatic patients with extensive
schemia may have better outcomes with revascularization
26). Thus, quantitative analysis may offer improved assess-
ent of patient prognosis and help to identify the optimal
herapeutic approach.
R in segments with myocardial scar. Previous studies
emonstrate that in the presence of a myocardial scar,
esting myocardial blood flow is inversely related to the
ransmural extent of scar (27). Additionally, PR is acutely
iminished in small scars that occur as a complication of
ercutaneous coronary intervention (28). However, it was
reviously unknown whether PR analysis could be used to
etermine if a scarred segment is subtended by a signifi-
antly stenosed coronary artery. Forty-four percent of our
tudy population had evidence of a myocardial scar. In
yocardial segments with a scar, the PR was significantly
ower if the segment was supplied by a stenosed coronary
rtery. Therefore, our data suggest that PR can be used to
etect the presence or absence of hemodynamically signif-
cant CAD in patients with a history of prior myocardial
nfarction.
tudy limitations. Our sample size is small, and both
atient selection bias and test verification bias are likely
resent. Also, quantification was time consuming (approx-
mately 30 to 45 min per study) and was unable to be
erformed in 23% of the studies. Our study will need to be
onfirmed in future larger trials using the dual-bolus PR
nalysis. Because the dual-bolus technique requires 4 sepa-
ate injections of Gd-DTPA, a technical problem during
ny 1 of the 4 injections affects the composite measurement
f PR. This is an important limitation of the dual-bolus
pproach and may reduce its clinical applicability. However,
ith a learning curve, very few problems were encountered
uring the latter half of the study. Newer dual-contrast
ulse sequences that require only 2 injections will simplify
he procedure (29). The imaging protocol used in this study
ncluded only a 10-min delay between stress and rest
erfusion imaging. This resulted in inadequate data quality
or perfusion reserve analysis in 3 patients. It may be
rudent to wait longer before rest imaging. For our gado-
inium injections, the volumes of the AIF bolus and TF
olus were not identical. Ideally, the low AIF doses should
ave been diluted into volumes equivalent to that used for
he TF. However, the same AIF volumes were used for the
tress and rest scans, and any systematic error resulting from
he small AIF volumes would mostly cancel out when
ividing to calculate the perfusion reserve. Additionally, our
tudy was performed using a 1.5-T MRI scanner; it is likely
hat imaging at 3.0-T could have improved our results (30).
onclusions
e have shown in this prospective, head-to-head compar-
son that PR analysis of first-pass CMR images provides
1dditional clinically relevant information compared with
I. Specifically, compared with QI, quantification of PR
an differentiate moderate from severe CAD and can better
iscriminate patients with triple-vessel CAD from patients
ith single-vessel CAD. Additionally, PR analysis can be
sed to differentiate scarred myocardial segments that are
upplied by a severely stenosed coronary artery from those
hat are not. Agreement between observers is better for
uantitative analysis. Thus, continued technical develop-
ent to automate PR analysis is warranted. These findings
ave important implications for ascertaining prognosis in an
ndividual patient and determining an optimal therapeutic
pproach.
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